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Abstract —  The  performance  of  the  FAMA-NCS  protocol  in  ad-hoc  net¬ 
works  is  analyzed.  FAMA-NCS  (for  floor  acquisition  multiple  access  with  non- 
persistent  carrier  sensing)  guarantees  that  a  single  sender  is  able  to  send  data 
packets  free  of  collisions  to  a  given  receiver  at  any  given  time.  FAMA-NCS 
is  based  on  a  three-way  handshake  between  sender  and  receiver  in  which  the 
sender  uses  non-persistent  carrier  sensing  to  transmit  a  request-to-send  (RTS) 
and  the  receiver  sends  a  clear-to-send  (CTS)  that  lasts  much  longer  than  the  RTS 
to  serve  as  a  “busy  tone”  that  forces  all  hidden  nodes  to  back  off  long  enough 
to  allow  a  collision-free  data  packet  to  arrive  at  the  receiver.  It  is  shown  that 
that  FAMA-NCS  performs  better  than  ALOHA,  CSMA,  and  all  prior  proposals 
based  on  collision  avoidance  dialogues  (e.g.,  MAC  A,  MACAW,  and  IEEE  802.11 
DFWMAC)  in  the  presence  of  hidden  terminals.  Simulations  experiments  are 
used  to  confirm  the  analytical  results. 

I.  Introduction 

The  medium  access  control  (MAC)  protocol  with  which  packet- 
radios  (or  stations)  can  share  a  common  broadcast  channel  is  es¬ 
sential  in  a  packet-radio  network.  CSMA  (carrier  sense  multiple 
access)  protocols  [9]  have  been  used  in  a  number  of  packet-radio 
networks  in  the  past  [10];  these  protocols  attempt  to  prevent  a  sta¬ 
tion  from  transmitting  simultaneously  with  other  stations  within  its 
transmitting  range  by  requiring  each  station  to  listen  to  the  channel 
before  transmitting. 

The  hardware  characteristics  of  packet-radios  are  such  that  a 
packet-radio  cannot  transmit  and  listen  to  the  same  channel  simul¬ 
taneously;  therefore,  collision  detection  (CSMA/CD  [12])  cannot 
be  used  in  a  single-channel  packet-radio  network.  The  throughput 
of  CSMA  protocols  is  very  good,  as  long  as  the  multiple  transmit¬ 
ters  within  range  of  the  same  receivers  can  sense  one  another’s 
transmissions.  Unfortunately,  “hidden  terminal”  problems  [17] 
degrade  the  performance  of  CSMA  substantially,  because  carrier 
sensing  cannot  prevent  collisions  in  that  case. 

The  busy  tone  multiple  access  (BTMA)  protocol  [17]  was  the 
first  proposal  to  combat  the  hidden-terminal  problems  of  CSMA. 
BTMA  is  designed  for  station-based  networks  and  divides  the 
channel  into  a  message  channel  and  the  busy-tone  channel.  The 
base  station  transmits  a  busy-tone  signal  on  the  busy-tone  channel 
as  long  as  it  senses  carrier  on  the  data  channel.  Because  the  base 
station  is  in  line  of  sight  of  all  terminals,  each  terminal  can  sense 
the  busy-tone  channel  to  determine  the  state  of  the  data  channel. 
The  limitations  of  BTMA  are  the  use  a  separate  channel  to  convey 
the  state  of  the  data  channel,  the  need  for  the  receiver  to  transmit 
the  busy  tone  while  detecting  carrier  in  the  data  channel,  and  the 
difficulty  of  detecting  the  busy-tone  signal  in  a  narrowband  chan¬ 
nel. 

A  receiver  initiated  busy-tone  multiple  access  protocol  for 
packet-radio  networks  has  also  been  proposed  [22].  In  this  scheme, 
the  sender  transmits  a  request-to-send  (RTS)  to  the  receiver,  before 
sending  a  data  packet.  When  the  receiver  obtains  a  correct  RTS,  it 
transmits  a  busy  tone  in  a  separate  channel  to  alert  other  sources 
nearby  that  they  should  backoff.  The  correct  source  is  always  no¬ 
tified  that  it  can  proceed  with  transmission  of  the  data  packet.  The 
limitations  of  this  scheme  is  that  it  still  requires  a  separate  busy- 
tone  channel  and  full-duplex  operation  at  the  receiver. 

One  of  the  first  protocols  for  wireless  networks  based  on  a  hand¬ 
shake  between  sender  and  receiver  was  the  SRMA  (split-channel 
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reservation  multiple  access)  [18].  According  to  SRMA,  the  sender 
of  a  packet  uses  ALOHA  or  CSMA  to  decide  when  to  send  a 
request-to-send  (RTS)  to  the  receiver.  In  turn,  the  receiver  re¬ 
sponds  with  a  clear-to-send  (CTS)  if  it  receives  the  RTS  correctly; 
the  RTS  tells  the  sender  when  to  transmit  its  data  packet.  Al¬ 
though  SRMA  was  proposed  with  one  or  two  control  channel  for 
the  RTS/CTS  exchange,  the  same  scheme  applies  for  a  single  chan¬ 
nel. 

Since  the  time  SRMA  was  first  proposed,  several  other  medium 
access  control  (MAC)  protocols  have  been  proposed  for  either 
single-channel  wireless  networks  or  wireline  local  area  networks 
that  are  based  on  similar  RTS-CTS  exchanges,  or  based  on  RTSs 
followed  by  pauses  [1],  [20],  [4],  [11],  [13],  [15].  Karn  [8]  pro¬ 
posed  a  protocol  called  MACA  (multiple  access  collision  avoid¬ 
ance)  to  address  the  problems  of  hidden  terminals  in  single¬ 
channel  networks.  MACA  amounts  to  a  single-channel  SRMA 
using  ALOHA  for  the  transmission  of  RTSs;  it  attempts  to  detect 
collisions  at  the  receiver  by  means  of  the  RTS-CTS  exchange  with¬ 
out  carrier  sensing.  The  IEEE  802.1 1  MAC  protocol  for  wireless 
LANs  includes  a  transmission  mode  based  on  an  RTS-CTS  hand¬ 
shake  (DFWMAC  [3],  [7]). 

In  this  paper,  we  analyze  a  new  variation  on  MAC  protocols 
based  on  RTS-CTS  exchanges  that  is  particularly  attractive  for  ad- 
hoc  networks.  We  call  this  protocol  FAMA-NCS  (floor  acquisition 
multiple  access  with  non-persistent  carrier  sensing).  The  objective 
of  FAMA-NCS  is  for  a  station  that  has  data  to  send  to  acquire 
control  of  the  channel  in  the  vicinity  of  the  receiver  (which  we  call 
"the  floor”)  before  sending  any  data  packet,  and  to  ensure  that  no 
data  packet  collides  with  any  other  packet  at  the  receiver. 

Ensuring  that  floor  acquisition  is  enforced  among  competing 
senders  hidden  from  one  another  and  who  have  requested  the  floor 
(i.e.,  sent  an  RTS)  can  only  be  achieved  by  the  receivers.  Ac¬ 
cordingly,  in  FAMA-NCS,  the  length  of  a  CTS  is  longer  than  the 
duration  of  an  RTS  and  ensures  that  the  CTS  from  a  receiver  lasts 
long  enough  for  any  hidden  sender  that  did  not  hear  the  RTS  be¬ 
ing  acknowledged  to  hear  what  amounts  to  a  jamming  signal  from 
the  receiver.  Section  II  describes  FAMA-NCS,  which  was  first 
introduced  in  [6],  Section  III  analyzes  the  throughput  of  FAMA- 
NCS  in  ad-hoc  networks  using  an  approximate  model  of  the  way 
in  which  nodes  are  connected.  Section  IV  compares  by  simulation 
the  performance  of  FAMA-NCS  with  MACAW  and  DFWMAC. 
Our  results  show  very  clearly  that  carrier  sensing  at  the  sender 
and  the  longer  duration  of  CTSs  compared  to  RTSs  are  critical  to 
the  performance  and  simplicity  of  MAC  protocols  based  on  RTS- 
CTS  handshakes  for  ad-hoc  networks  in  which  nodes  can  transmit 
packets  asynchronously.  The  simulations  also  help  to  validate  our 
analytical  results.  FAMA-NCS  is  the  first  proposal  based  on  RTS- 
CTS  exchanges  that  recognizes  the  importance  of  making  a  CTS 
act  as  a  busy  tone  for  half-duplex  operation. 

II.  FAMA  Protocol 

A.  Oven’iew 

FAMA-NCS  requires  a  station  who  wishes  to  send  one  or  more 
packets  to  acquire  the  floor  before  transmitting  the  packet  train. 
The  floor  is  acquired  using  an  an  RTS-CTS  exchange  multiplexed 
together  with  the  data  packets  in  such  a  way  that,  although  multiple 
RTSs  and  CTSs  may  collide,  data  packets  are  always  sent  free  of 
collisions.  The  basic  principles  of  floor  acquisition  are  inspired  on 
earlier  work  by  Kleinrock  and  Tobagi  on  BTMA  [17],  the  use  of 
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RTS-CTS  exchanges  first  described  for  SRMA  [18],  and  the  pro¬ 
vision  of  priorities  among  packets  introduced  for  the  transmission 
of  priority  acknowledgments  in  ALOHA  and  CSMA  [19]. 

To  acquire  the  floor,  a  station  sends  an  RTS  using  either  packet 
sensing  or  carrier  sensing.  The  first  variant  corresponds  to  us¬ 
ing  the  ALOHA  protocol  for  the  transmission  of  RTSs;  the  sec¬ 
ond  consists  of  using  a  CSMA  protocol  to  transmit  RTSs.  A  sta¬ 
tion  sends  a  CTS  after  receiving  an  error-free  RTS  addressed  to  it. 
When  a  station  receives  an  error-free  CTS,  it  knows  that  the  floor 
has  been  acquired  by  the  station  to  whom  the  CTS  is  addressed. 
After  floor  acquisition  the  floor  holder  is  able  to  send  data  pack¬ 
ets  free  of  collisions  over  the  channel.  Any  reliable  link  control 
scheme  can  be  implemented  on  top  of  FAMA-NCS  between  the 
floor  holder  and  the  stations  with  whom  it  wishes  to  communi¬ 
cate.  This  is  accomplished  by  forcing  stations  that  do  not  have  the 
floor  to  wait  a  predefined  minimum  amount  of  time  (at  least  twice 
the  maximum  propagation  delay)  before  being  able  to  bid  for  the 
floor.  This  is  similar  to  the  schemes  for  the  provision  of  priority 
acknowledgments  proposed  for  CSMA  and  ALOHA  by  Kleinrock 
and  Tobagi  [19]. 

To  ensure  that  floor  acquisition  is  enforced  among  competing 
senders  hidden  from  one  another  and  who  have  requested  the  floor 
(i.e.,  sent  an  RTS),  the  CTS  sent  by  a  receiver  is  guaranteed  to  last 
long  enough  (or  to  be  repeated  enough  times)  to  jam  any  hidden 
sender  that  did  not  hear  the  RTS  being  acknowledged.  This  cor¬ 
responds  to  a  single-channel  BTMA  scheme  in  which  sensing  of 
error-free  CTSs  (for  packet  sensing)  or  the  carrier  of  a  CTS  (for 
carrier  sensing)  over  the  data  channel  is  used  instead  of  the  busy- 
tone  signal. 

When  a  station  with  data  to  send  fails  to  acquire  the  floor  or 
detects  the  floor  being  held  by  another  station,  it  must  resched¬ 
ule  its  bid  for  the  floor.  This  can  be  done  using  different  persis¬ 
tence  and  backoff  strategies.  We  also  specify  FAMA-NCS  as  us¬ 
ing  a  uniform  distribution  when  choosing  backoff  times;  however, 
other  backoff  strategies  can  be  adopted  (e.g.,  see  those  proposed 
for  MACAW  [1]). 

To  simplify  our  analysis  and  description  of  FAMA-NCS,  we 
do  not  address  the  effect  of  acknowledgments  in  the  rest  of  this 
paper,  and  assume  the  simplest  three-way  handshake  (RTS-CTS- 
data)  with  no  acknowledgments. 

B.  FAMA-NCS 

The  length  of  a  CTS  in  FAMA-NCS  is  larger  than  the  aggre¬ 
gate  of  the  length  of  an  RTS  plus  one  maximum  round  trip  time 
across  the  channel,  the  transmit  to  receive  turn  around  time,  and 
any  processing  time.  The  length  of  an  RTS  is  larger  than  the  max¬ 
imum  channel  propagation  delay  plus  the  transmit-to-receive  turn 
around  time  and  any  processing  time.  This  is  required  to  avoid 
one  station  hearing  a  complete  RTS  before  another  has  started  to 
receive  it.  The  relationship  of  the  size  of  the  CTS  to  the  RTS  gives 
the  CTS  dominance  over  the  RTS  in  the  channel.  Once  a  station 
has  begun  transmission  of  a  CTS,  any  other  station  within  range  of 
it  that  transmits  an  RTS  simultaneously  (i.e.,  within  one  propaga¬ 
tion  delay  of  the  beginning  of  the  CTS)  will  hear  at  least  a  portion 
of  the  dominating  CTS  and  backoff,  thereby  letting  the  data  packet 
that  will  follow  to  arrive  free  from  collision.  The  dominating  CTS 
plays  the  role  of  a  busy  tone. 

Figure  1  specifies  FAMA-NCS  in  detail.  A  station  that  has 
just  been  initialized  must  wait  the  time  it  takes  to  transmit  the 
maximum-size  data  packet  in  the  channel  plus  one  maximum 
round-trip  time  across  the  channel.  This  allows  any  neighboring 
station  involved  in  the  process  of  receiving  a  data  packet  to  com¬ 
plete  the  reception  un-obstructed.  The  initialization  time  also  gives 
the  station  the  ability  to  learn  of  any  local  traffic  in  progress.  If 
no  carrier  is  detected  during  the  initialization  period,  the  station 
transitions  to  the  PASSIVE  state.  Otherwise,  it  transitions  to  the 
REMOTE  state.  A  station  can  only  be  in  the  PASSIVE  state  if  it  is 
properly  initialized  (i.e.,  has  no  packet  to  send,  and  senses  an  idle 
channel).  In  all  other  states,  the  station  must  have  listened  to  the 


channel  for  a  time  period  that  is  sufficiently  long  for  any  neighbor 
involved  in  receiving  data  to  have  finished. 

A  station  that  is  in  the  PASSIVE  state  and  senses  carrier  tran¬ 
sitions  to  the  REMOTE  state.  On  the  other  hand,  a  station  that 
receives  a  packet  to  send  in  the  PASSIVE  state  transmits  an  RTS 
and  transitions  to  the  RTS  state.  The  sending  station  waits  long 
enough  for  the  destination  to  send  the  CTS.  If  the  CTS  packet  is 
not  received  within  the  time  allowed,  the  sender  transitions  to  the 
BACKOFF  state.  If  the  sender  hears  noise  on  the  channel  after 
its  RTS,  it  assumes  a  collision  with  a  neighbor’s  dominating  CTS 
and  waits  long  enough  for  a  maximum-length  data  packet  to  be  re¬ 
ceived.  Otherwise,  upon  receiving  the  CTS,  the  sender  transmits 
its  data  packet.  Because  the  CTS  could  be  corrupted  at  the  sender, 
once  the  destination  station  sends  its  CTS,  it  only  needs  to  wait 
one  maximum  round-trip  time  to  sense  the  beginning  of  the  data 
packet  from  the  source.  If  the  data  packet  does  not  begin,  the  des¬ 
tination  transitions  either  to  the  BACKOFF  state  (if  it  has  traffic 
pending)  or  to  the  PASSIVE  state. 

In  the  BACKOFF  state,  if  no  carrier  is  detected  during  the  entire 
backoff  waiting  period  computed  by  the  station,  the  station  trans¬ 
mits  an  RTS  and  transitions  to  the  RTS  state  as  before.  Otherwise, 
upon  sensing  carrier  the  station  transitions  to  the  REMOTE  state. 

For  stations  in  the  REMOTE  state,  FAMA-NCS  enforces  differ¬ 
ent  waiting  periods  on  passive  stations  (those  stations  not  directly 
involved  in  the  current  transmission  period)  based  on  what  was 
last  heard  on  the  channel.  Any  passive  station  that  detects  carrier 
transitions  to  the  REMOTE  state,  and  after  the  channel  clears  the 
waiting  period  is  determined  as  follows: 

•  After  hearing  an  RTS  for  another  station,  the  station  must 
wait  long  enough  for  a  CTS  to  be  transmitted  by  the  destina¬ 
tion  and  received  by  the  sender,  and  the  data  packet  to  begin. 

•  After  hearing  a  CTS  from  another  station,  the  station  must 
wait  long  enough  to  allow  the  other  station  to  receive  its  data 
packet. 

•  After  hearing  a  data  packet,  the  waiting  time  is  the  enforced 
FAMA  waiting  period. 

•  After  hearing  noise  (colliding  control  packets)  on  the  chan¬ 
nel,  the  waiting  period  must  be  long  enough  to  allow  another 
station  time  to  receive  a  maximum  size  data  packet. 

The  channel  becomes  idle  when  all  stations  are  in  either  the 
PASSIVE  or  BACKOFF  state.  The  next  access  to  the  channel  is 
driven  by  the  arrival  of  new  packets  to  the  network  and  retransmis¬ 
sion  of  packets  that  have  been  backed  off. 

To  increase  the  efficiency  of  the  channel,  a  station  that  has  suc¬ 
cessfully  acquired  the  floor  can  dynamically  send  multiple  packets 
together  in  a  train,  bounded  by  an  upper  limit.  To  allow  this  to  be 
successful  in  a  hidden-terminal  environment,  the  destination  sta¬ 
tion  must  alert  its  neighbors  that  it  has  more  data  packets  coming, 
and  to  continue  to  defer  their  transmissions.  FAMA-NCS  uses  a 
simple  handshake  mechanism  to  support  packet  trains. 

If  the  sending  station  has  multiple  packets  to  send,  it  sets  a 
MORE  flag  in  the  header  of  the  data  packet.  When  the  destina¬ 
tion  receives  the  data  packet  and  sees  the  MORE  flag  set,  it  imme¬ 
diately  responds  with  a  CTS,  just  as  when  hearing  an  RTS.  This 
CTS  alerts  all  neighbors  that  might  interfere  with  the  next  data 
packet  that  they  must  continue  to  defer. 

Additionally,  stations  in  the  REMOTE  state  must  extend  their 
waiting  period  after  hearing  a  data  packet  with  the  MORE  flag  set 
to  allow  additional  time  for  the  sender  to  receive  the  CTS  from  the 
destination  signaling  that  it  can  receive  the  next  data  packet. 

III.  Comparative  Throughput  Analysis 

We  present  an  approximate  throughput  analysis  that  assumes 
the  same  traffic  model  first  introduced  for  CSMA  [9]  to  ana¬ 
lyze  the  throughput  of  CSMA  protocols.  We  compare  the  av¬ 
erage  throughput  of  FAMA-NCS  against  the  throughput  of  non- 
persistent  ALOHA  and  CSMA.  The  throughput  of  non-persistent 
CSMA  used  in  this  analysis  was  reported  by  Kleinrock  and  Tobagi 
[9]. 


Variable  Definitions 
CD  =  Carrier  Detected 

TpftOP  =  Maximum  channel  propagation  delay 
TpROC  =  Processing  time  for  carrier  detection 
Ty  p  =  Transmit  to  receive  turn-around  time 

TW AIT  =2  x  TPROP  +  TPROC  +  TTR 

■7  =  Time  to  transmit  an  RTS  packet 

■7 1  =  Time  to  transmit  a  CTS  packet 

<5  =  Time  to  transmit  a  maximum  sized  data  packet 

Burst  =  Number  of  packets  to  send  in  a  burst 


Procedure  START() 

Begin 

Timer  ^ —  <5  -|-  2  X  T p  p  q  p 

WhilefC-D  A  Timer  not  expired)  wait 

If  (CD)  Then  call  REM0TE((<5  +  TwArT),TRUE) 

Else  call  PASSIVE() 

End 


Procedure  PASSIVE() 

Begin 

While(C£>  A  No  Local  Packet)  wait 

If  (CD)  Then  call  REMOTE((<5  +  Tyy  AIT  XFALSE) 

Else  Begin 

Burst  4—  maximum  burst 
Transmit  RTS  Packet 
call  RTS(T^Aj2i) 

End  End 


Procedure  RTS(Ta ) 

Begin 

Timer  4—  Ta 

While(CD  A  Timer  not  expired)  wait 
If  (Timer  Expired)  Then  call  BACKOFF() 

Else  Begin 

Receive  Packet 

DO  CASE  of  (received  packet  type) 

Begin 

CTS:  call  XMIT() 

Default: 

call  REMOTE((5  +  Tyy  AIT  )>TRUE) 
End 
End 
End 


Procedure  BACKOFF() 

Begin 

Timer  <-RANDOM(  1,10  X  7') 


While(C'L)  A  Timer  not  expired)  wait 

If  (CD)  Then  call  REMOTE((5  -f-  T yy  AIT ). FALSE) 

Else  Begin 

Burst  4—  maximum  burst 
Transmit  RTS  Packet 
call  RTS(Tjy  aIT^ 

End  End 


Procedure  XMIT() 

Begin 

Wait  Tpp 

If  ((Burst  >  1)  A  Local  Packet) 

Then  Begin 

Mark  MORE  flag  in  header 
Transmit  Data  Packet 
Burst  4—  Burst  - 1 
call  RTS(T^Ajy) 

End 

Else  Begin 

Transmit  Data  Packet 
Timer  4 —  Tyy  ait 
While(Timer  not  expired)  wait 
If  (Local  Packet)  Then  call  BACKOFF() 
Else  call  PASSIVE() 

End  End 


Procedure  REMOTE(T,y  ,dflag) 

Begin 

Timer  4—  Ta 

While(C£>  A  Timer  not  expired)  wait 
If  (Timer  Expired) 

Then  Begin 

If  (Local  Packet)  Then  call  BACKOFF() 

Else  call  PASSIVE() 

End 

Else  Begin 

Receive  Packet 

DO  CASE  of  (received  packet  type) 

Begin 

RTS: 

U(dflag=  TRUE)  call  REMOTER  ,TRUE) 
If(Destination  ID  =  Local  ID) 

Then  Begin 
Wait  T t  p 
Transmit  CTS  Packet 
call  REMOTEST w  A  j  T  ),TRUE) 

End 

call  REMOTE(('y/  +  Tyy  AIT  ).TRUE) 

call  REMOTE((<5  +  Tyy  AIT  )»TRUE) 

DATA: 

If(Destination  ID  =  Local  ID) 

Then  Begin 

Pass  packet  to  upper  layer 
If  (MORE  flag  set  in  header) 

Then  Begin 
Transmit  CTS 
End 

call  REMOTE((T^r  ),TRUE) 

End 

Else  Begin 

If  (MORE  flag  set  in  header) 

Then  Begin 

call  REMOTE«7 1  -f-  T yy  AIT )>TRUE) 
End 

Else  Begin 

call  REMOTE((Tt*z  AIT  ),TRUE) 

End 

End 

ERROR: 

call  REMOTE((<5  +  Tyy  AIT  ).TRUE) 

End 

End 

End 


Fig.  1.  FAMA-NCS  Specification 


We  assume  that  there  is  an  infinite  number  of  stations  who 
constitute  a  Poisson  source  sending  RTS  packets  (for  the  case 
of  FAMA),  or  new  or  retransmitted  data  packets  (for  the  case  of 
CSMA)  to  the  the  channel  with  an  aggregate  mean  generation  rate 
of  A  packets  per  unit  time.  Any  station  can  listen  to  the  transmis¬ 
sions  of  any  other  station.  The  transmission  time  of  an  RTS  is 
7  <  oo,  the  transmission  time  of  a  CTS  is  7'  <  00.  the  maximum 
transmission  time  of  a  data  packet  is  <5  <  00,  and  the  hardware 
transmit-to-receive  transition  time  is  e  <  00.  There  is  no  capture 
or  fading  on  the  channel.  Any  overlap  by  transmissions  at  a  partic¬ 
ular  receiver  causes  that  receiver  to  not  understand  either  packet. 

Each  station  is  assumed  to  have  at  most  one  data  block  to  send 
at  any  time.  In  all  protocols,  a  station  transmits  the  entire  data 
block  as  a  single  packet  (which  is  the  case  of  CSMA  and  MACA 
as  it  is  described  in  [8])  or  as  multiple  packets  (which  is  the  case  of 
FAMA-NCS).  The  average  size  of  a  data  block  is  5  seconds.  RTSs 
last  7  seconds.  CTSs  last  7'  seconds,  and  the  maximum  end-to-end 
propagation  delay  of  the  channel  is  r  seconds.  Collisions  (e.g., 
RTS  packets  in  FAMA-NCS,  data  packets  in  CSMA)  can  occur  in 
the  channel,  and  we  assume  that,  when  a  station  has  to  retransmit  a 
packet,  it  does  so  after  a  random  retransmission  delay  that  is  much 
larger  than  <5  on  the  average.  The  average  channel  utilization  is 
given  by  [9] 

S  =  U/(B  +  7)  (1) 

where  B  is  the  expected  duration  of  a  busy  period,  defined  to  be  a 
period  of  time  during  which  the  channel  is  being  utilized;  I  is  the 
expected  duration  of  an  idle  period,  defined  as  the  time  interval 
between  two  consecutive  busy  periods;  and  U  is  the  time  during 
a  busy  period  that  the  channel  is  used  for  transmitting  user  data 
successfully. 

The  channel  is  assumed  to  introduce  no  errors,  so  packet  colli¬ 
sions  are  the  only  source  of  errors,  and  stations  detect  such  colli¬ 
sions  perfectly.  To  further  simplify  the  problem,  we  assume  that 
two  or  more  transmissions  that  overlap  in  time  in  the  channel  must 
all  be  retransmitted,  and  that  a  packet  propagates  to  all  stations 
in  exactly  r  seconds  [9].  The  later  assumption  provides  a  lower 
bound  on  the  performance  of  the  protocols  we  analyze. 

Of  course,  this  model  is  only  a  rough  approximation  of  the  real 


case,  in  which  a  finite  number  of  stations  access  the  same  chan¬ 
nel,  stations  can  queue  multiple  packets  for  transmission,  and  the 
stations’  transmissions  and  retransmissions  (of  RTS  or  data  pack¬ 
ets)  are  correlated  (e.g.,  a  failed  RTS  is  followed  by  another  RTS 
within  a  bounded  time). 

For  the  case  of  non-persistent  CSMA,  we  assume  [9]  that  a  sep¬ 
arate  perfect  channel  is  used  for  acknowledgments  to  let  a  station 
know  when  its  packet  was  received  free  of  collisions,  and  that  all 
acknowledgments  are  sent  reliably  Therefore,  the  throughput  of 
non-persistent  CSMA  used  for  comparison  with  FAMA  protocols 
is  only  an  upper  bound. 

To  facilitate  the  comparison  of  the  various  protocols  numeri¬ 
cally,  the  graphs  showing  average  throughput  versus  traffic  load 
normalize  the  results  obtained  for  S  by  making  <5  =  1  and  intro¬ 
ducing  the  following  variables: 

a  =  r/<5 (normalized  propagation  delay) 

G  =  Ax  <5 (offered  Load,  normalized  to  data  packets) 

For  simplicity,  we  assume  that  any  given  node,  w ,  has  N  neigh¬ 
bors.  All  nodes  communicate  over  a  single  channel.  The  chosen 
node,  w,  is  a  Poisson  source  of  RTSs  with  a  mean  rate  of  A'  floor 
requests  (RTS  packets).  Additionally,  each  neighboring  node  is  an 
independent  Poisson  source  of  RTSs  as  well,  with  a  mean  rate  of 
X1  RTSs  per  second,  such  that  the  total  floor  requests  seen  in  the 
channel  at  w  equals  A  =  Ejv+1  A' .  The  traffic  generated  at  each 
node  has  its  destination  determined  by  a  uniform  distribution  of 
the  node’s  neighbors,  i.e.,  for  N  neighbors,  a  node  directs  1/N  of 
its  RTSs  to  each  of  those  neighbors.  This  assumption  makes  our 
analysis  independent  of  the  specific  routing  choices  made  at  each 
node.  Again,  each  node  is  assumed  to  have  at  most  one  data  block 
to  send  at  any  given  time.  A  packet  sent  by  any  node  propagates  to 
all  its  neighbors  (nodes  in  line  of  sight)  in  exactly  r  seconds.  All 
neighbor  nodes  are  within  line-of-sight  and  range  of  node  w,  but 
may  be  hidden  from  one  another.  The  population  of  neighbors  at 
node  w  is  partitioned  such  that,  for  any  given  neighbor  of  w,  there 
are  Q  neighbors  that  are  hidden  from  it,  and  N  —  1  —  Q  neighbors 
that  it  can  hear  in  addition  to  w.  This  connectivity  assumption  is 
a  simplification  of  the  fact  that  the  neighbors  of  a  node  may  form 


multiple  fully  connected  subgroups;  it  provides  a  lower  bound  on 
performance  for  the  case  in  which  Q  =  N  and  results  in  a  fully- 
connected  network  for  the  case  in  which  Q  =  0. 

Assuming  the  above  model,  the  following  theorem  gives  the 
throughput  for  a  given  node. 

Theorem  1:  The  throughput  of  FAMA-NCS  for  a  system  with 
N  independent  neighbors,  of  which  Q  are  hidden  from  the  others 
is  given  by 


S=  ■ 


S:  V(.\t+4>(2t  t)) 


-  V(JVt+Q(27  — T))[(3<3  +  ]v+4)T  +  (Q_JV)7  +  (Q  +  1Ky+,5)] 
+(»+l)'[rF2+(l+T-TF2)-e—  V2Q7+  1.J+jv.(7+7'+43t) 


'*2 


equals: 


Q  '  —  1  —  A  , 


lit1-*  Aq7) 


+7 


(2) 


Proof: 

An  RTS  originated  from  any  node  A  is  successful  at  w  if  no  other 
RTS  from  any  other  node  in  w’s  neighborhood  collides  with  A’s 
RTS.  At  node  w  and  the  N  —  l  —  Q  neighbors  that  hear  A  the  vul¬ 
nerability  period  of  A's  RTS  is  r  seconds  because  these  nodes  can 
detect  carrier  r  seconds  after  the  beginning  of  the  RTS.  Accord¬ 
ingly,  because  of  the  independence  of  the  nodes  transmissions,  an 
RTS  is  successful  within  the  N—l  —  Q  nodes  and  w  with  proba¬ 
bility 

N-Q 

n  e~AV  (3) 


In  contrast,  the  vulnerability  period  of  an  RTS  with  respect  to 
the  other  Q  hidden  nodes  is  27  because  these  nodes  cannot  hear 
A’s  transmissions.  Accordingly,  an  RTS  is  successful  with  respect 
to  any  of  the  other  Q  nodes  with  probability  e~  A  ^27-) .  Because  all 
nodes  are  identical  and  independent,  it  follows  that  an  RTS  from  a 
node  A  is  successful  at  node  w  with  the  following  probability: 


(N-Q)  Q 

ps=  n  (4) 

1  1 


The  probability  that  a  given  RTS  arrival  was  generated  by  node 
w  is  (A*  /A)  =  The  traffic  directed  to  w  comes  from  each  of 

w’s  N  neighbors,  who  generate  RTSs  at  a  rate  of  A'  with  1  /N  des¬ 
tined  for  w.  Accordingly,  the  probability  that  a  given  RTS  arrival 
is  meant  for  w  is 


£f=1  !>■*'] 


=  A'/A  = 


N+  1 


(5) 


The  aggregate  RTS  arrivals  for  these  nodes  is  XQ  =  A'.  Sub¬ 

stituting  XQ  for  A  and  7  for  5  in  the  expression  of  F  derived  in 
[16]  we  obtain 


J*2  = 


Q  ’ —1— \r 


- =*7T- 

7(l-e  Q 


(6) 


The  busy  period  can  be  partitioned  into  three  categories  -  peri¬ 
ods  of  successful  transmissions  at  node  w,  periods  of  failed  trans¬ 
missions  at  node  w,  and  periods  when  node  w  is  deferred  due  to 
neighbors  receiving  data  from  nodes  hidden  from  w. 

At  node  w,  successful  transmission  periods  can  consist  of  trans¬ 
missions  from  w,  transmissions  to  w,  or  successful  transmission 
overheard  by  w.  The  probability  that  a  given  RTS  is  from  w  itself 
is  A'/A,  and  the  probability  that  it  is  successful  is  Ps.  Therefore, 
the  time  alloted  to  successful  transmission  for  w  is  (A'/A)  Ps  ■  T. 

The  probability  of  a  transmission  directed  to  w  from  a  given 
neighbor  is  -A- A'  and  with  probability  Ps  such  a  transmission  is 
successful.  Therefore,  the  total  time  for  successful  transmissions 
to  w  from  all  of  its  neighbors  is  (A'/A)  •  Ps  ■  T. 

We  say  that  a  transmission  is  overheard  by  node  w  if  it  is  sent 
by  a  neighbor  of  w,  but  is  not  meant  for  w.  For  any  given  neigh¬ 
bor,  this  is  equal  to  the  remaining  number  of  transmissions  not 
meant  for  w,  i.e.,  ( Nlv  1  )A'.  The  total  overheard  transmissions 
from  all  neighbors  is  then  (( N  —  1)A')  /A.  As  such,  the  total  time 
for  overheard  successful  transmissions  is  [((N  —  1)A') /A  \-Ps-T. 
Adding  the  time  spent  in  successful  transmissions  for  w  and  over¬ 
heard  successful  transmissions  together,  we  obtain  that  the  total 
time  for  successful  transmissions  at  node  w  is  Ps  ■  T. 

The  average  failed  period  consists  of  failed  transmissions  in¬ 
volving  the  hidden  nodes  and  those  that  involve  only  the  nodes 
that  can  hear  the  source. 

The  probability  that  none  of  the  hidden  neighbors  of  node  w 
are  involved  in  a  failed  transmission  at  w  is  the  probability  that 
they  have  no  arrivals  during  an  RTS  time,  which  is  e~x  2<^7.  The 
probability  that  an  RTS  fails  because  of  interference  from  one  of 
the  ( N—Q )  fully  connected  nodes  around  w  is  (1  —  e~A  (JV~‘2iT). 

The  probability  of  having  a  failed  transmission  period  at  node 
w  when  only  connected  neighbors  of  w  interfere  is  the  probability 
that  no  hidden  neighbor  transmits  within  the  duration  of  an  RTS 
and  some  of  the  connected  neighbors  transmit  within  r  seconds  of 
an  RTS.  Because  nodes  send  RTSs  independently  of  one  another, 

this  probability  equals  '2Ql  —  e~x  (iVT+‘2(2i'-T))^  _ 

Similarly,  the  probability  of  having  a  failed  transmission  period 
at  node  w  involving  only  neighbor  nodes  hidden  from  one  another 
is  (1  —  e~A  '2<^7).  It  then  follows  that  the  average  failed  transmis¬ 
sion  period  lasts 


A  successful  transmission  period  in  the  time  line  of  node  w 
includes  the  RTS  with  a  one-way  propagation  delay,  followed 
by  the  return  CTS  with  a  one-way  propagation  delay  and  lastly 
the  data  packet  with  a  one-way  propagation  delay  for  a  total  of 
T  =  7  +  7'  +  <5  +  3  t. 

There  are  two  types  of  failed  transmission  periods  for  RTSs.  If 
only  the  nodes  that  can  hear  each  other  send  RTSs  in  a  transmission 
period,  the  average  duration  of  the  period  in  the  time  line  of  node 
w  equals  Tp1  =7  +  Y,  where  Y  is  the  same  as  in  the  fully- 
connected  network  case  analyzed  in  [5],  Noting  that  Y  <  r,  given 
that  r  <  7,  we  use  the  upper  bound  7  +  7“  for  Tp 1 . 

If  one  or  more  of  the  hidden  nodes  send  RTSs  in  a  failed  trans¬ 
mission  period,  the  failed  transmission  period  consists  of  multi¬ 
ple  overlapping  RTSs  with  durations  of  7  seconds.  Because  these 
nodes  are  hidden  and  independent  of  one  another,  the  length  of  the 
average  failed  transmission  period  in  this  case  can  be  obtained  by 
treating  this  case  as  an  ALOHA  channel  with  Q  different  nodes, 
in  which  a  node  A  has  a  rate  of  A' .  To  make  use  of  prior  results, 
we  make  the  simplifying  assumption  that  N  and  Q  are  very  large. 


^ArZ  =  (e_A''2Q7-«_A'(JVT+Q(27_T,,)^1-Hl-e-V-2<3l)Ti,2 

(7) 

We  say  that  node  w  is  deferred  when  one  of  its  neighbors  is  re¬ 
ceiving  a  data  packet  and  after  hearing  noise  on  the  channel  (i.e., 
a  failed  period  in  which  w  was  not  directly  involved).  In  both 
instances,  w  defers  for  a  maximum  packet  transmission  time,  T. 
The  probability  that  w  hears  noise  from  its  neighbors’  transmis¬ 
sions  and  defers  is  ( ( TV  •  A' )/ A)  •  ( 1  —  Ps ) .  Each  of  w ’s  neighbors 
is  identical  to  w  and  as  such  receives  packets  directed  to  it  at  a  rate 
of  A' .  Of  that  traffic  sent  by  the  nodes  hidden  from  w,  w  can  only 
hear  the  neighbor’s  CTS  and  will  defer.  As  such,  the  probability 
that  w  is  deferred  by  a  neighbor  receiving  traffic  not  overheard  by 
w  is  ((Q  ■  A') /A)  •  Ps  -  Therefore,  the  average  time  during  which 
w  is  deferred  by  neighbor  traffic  (either  noise  or  successful  data) 
is 


Tdefer  =  [((IV  •  A')/A)  •  (1  -  Ps)  +  ((Q  ■  A')/A)  ■  Ps]  ■  T 


N  Q-N 
N  +  l  +  N  +  1 


•  T 


(8) 


Accordingly,  the  average  busy  period  lasts 


B  =  Ps  ■  T  +  Tfail  +  Tdefer  (9) 

Substituting  Eqs.  (7)  and  (8)  in  the  above  Eq.,  we  obtain 


B  =  +(i_e-A'-2  «T).Tj?2 


+  T- 


N  ,  Q  +  l 

N  +  i  f  N  +  i 


(10) 


The  average  idle  period  lasts  2 r  seconds  after  every  successful 
data  packet  transmission  plus  an  average  interarrival  time  of  RTSs 
from  all  groups;  therefore,  we  have 


I=j  +  2t-Ps  (11) 

The  average  utilization  time  at  node  w  is  simply  the  proportion 
of  time  in  which  useful  data  are  sent  during  a  successful  busy  pe¬ 
riod  in  w’s  proximity,  and 


U  = 


1 

W+ i) 


■SPs 


(12) 


Substituting  Eqs.  (10),  (11)  and  (12)  into  Eq.  (1)  we  obtain 
Eq.  (2).  □ 


Fig.  2.  Throughput  versus  load  for  various  Q  in  FAMA-NCS  network  using  ideal 
radio  parameters 


FAMA-NCS  for  10  Neighbors,  with  variable  Q  using  Utilicom  Specifications 


Fig.  3.  Throughput  versus  load  for  various  Q  in  FAMA-NCS  network  using  Utilicom 
radio  parameters 

To  compare  the  performance  of  FAMA-NCS  in  a  multihop  net¬ 
work,  we  use  slotted  ALOHA  using  non-priority  acknowledg¬ 
ments.  This  choice  is  driven  by  the  following  considerations:  (a) 


with  hidden  terminals,  CSMA  degrades  to  pure  ALOHA;  (b)  im¬ 
plementing  ALOHA  with  a  single  channel  requires  the  use  of  ac¬ 
knowledgments  to  let  the  senders’  of  packets  know  if  they  need 
to  retransmit;  (c)  implementing  priority  acknowledgment  schemes 
(e.g.,  the  schemes  proposed  for  ALOHA  and  CSMA  by  Tobagi 
and  Kleinrock  [19])  do  not  work  well  with  hidden  terminals;  and 
(d)  slotted  ALOHA  has  better  performance  than  pure  ALOHA. 

Figures  2  and  3  show  the  results  of  this  comparison  using  the 
value  of  throughput  derived  in  [19]  for  slotted  ALOHA  with  ac¬ 
knowledgments.  We  assume  a  network  where  each  node  has  10 
neighbors  for  varying  values  of  Q:  0,  where  the  network  is  fully 
connected;  N/2,  where  half  the  neighbors  of  any  node  are  hidden 
from  a  neighbors’  neighbors;  and  (N-l),  where  all  the  nodes  are 
hidden  from  their  neighbors’  neighborhoods.  The  latter  case  cor¬ 
responds  to  a  hypercube  topology.  Additionally,  we  assume  a  net¬ 
work  with  a  propagation  delay  of  6/is  (one  mile),  500-byte  data 
packets,  25-byte  RTS,  50-byte  CTS.  We  show  results  for  both  a 
1  Mb/s  channel  with  zero  preamble  and  processing  overhead,  and 
a  298  kb/s  channel  with  processing  and  preamble  based  on  the 
specifications  of  the  Utilicom  model  2020  radio  transceiver.  The 
Utilicom  radio  has  a  turn-around  time  of  about  5ms  to  ramp  up  the 
transmitter  (including  the  preamble),  and  about  the  same  to  ramp 
down  and  be  ready  to  receive  again.  At  298  kb/s,  the  RTS  itself 
is  about  1  ms  long;  therefore,  it  takes  about  1 1ms  for  a  transmitter 
to  send  an  RTS  and  be  ready  to  receive  a  CTS.  Together  with  its 
transmission  overhead,  a  500-byte  data  packet  then  becomes  about 
25ms  in  length.  This  makes  the  ratio  of  RTS  to  data  about  0.47, 
which  severely  degrades  the  performance  of  FAMA  protocols  [5]. 


FAMA-NCS  Comparison 
FAMA-NCS  Simulations 


- FAMA-NCS:  Q  =  0 

FAMA-NCS:  Q  =  N/2 

~  ~I-AMA-NC!^:0  =  N-1 - 


NP-CSMA 

“Slotted  ALOHAw/AC  Ks  “ 


Fig.  4.  Throughput  versus  degree  of  node  in  ad-hoc  network 


Figure  4  shows  the  maximum  throughput  for  FAMA-NCS  in 
multihop  networks  versus  the  number  of  neighbors  per  node  for 
the  values  of  Q (0,^  and  N  —  1).  The  analysis  assumes  a  IMb/s 
wireless  network  with  a  diameter  of  1  mile  (propagation  delay  of 
about  6/rs).  The  size  of  data  packets  RTSs  used  were  500  and  25 
bytes,  respectively.  The  figure  also  shows  the  throughput  for  slot¬ 
ted  ALOHA  with  acknowledgments,  which  reflects  the  expected 
behavior  of  both  ALOHA  and  CSMA  protocols  operating  over  a 
single  channel  when  hidden  terminals  abound.  We  include  the  per¬ 
formance  of  non-persistent  CSMA  predicted  by  the  model  devel¬ 
oped  by  Kleinrock  and  Tobagi  when  hidden  terminals  exist  [17]; 
this  value  of  throughput  is  only  an  upper  bound  on  CSMA,  because 
it  assumes  a  separate  ideal  channel  over  which  acknowledgments 
to  packets  are  sent  correctly  in  zero  time. 

The  above  results  clearly  show  the  importance  of  floor  acqui¬ 
sition,  which  makes  FAMA-NCS  a  far  better  choice  than  CSMA 
for  a  multihop  setting.  The  results  also  indicate  the  important  role 
that  radio  parameters  play  in  the  overall  performance  of  an  ad- 
hoc  network.  Without  good  carrier  sensing  and  turn-around  times, 
throughput  degrades  substantially. 


IV.  Simulation  Results 

To  validate  the  approximations  made  in  our  performance  analy¬ 
sis  of  FAMA-NCS,  we  carried  out  a  number  of  simulations* .  The 
simulations  ran  the  actual  code  used  to  implement  the  MAC  pro¬ 
tocols  in  embedded  systems  and,  for  the  case  of  FAMA-NCS,  this 
code  is  based  on  the  specifications  shown  in  Figure  1 . 


Fig.  5.  Simulation  topology  used  in  second  set  of  experiments 


In  the  first  set  of  experiments,  a  IMb/s  wireless  network  was 
modeled  with  stations  at  one  mile  from  neighbors  (propagation 
delay  of  approximately  6/rs).  Data  packet  size  was  500  bytes,  and 
RTS  and  CTS  were  25  and  48  bytes  respectively.  As  Figure  4  illus¬ 
trates,  the  simulation  results  are  almost  identical  to  the  analytical 
results  for  the  case  in  which  Q  =  ( N  —  1)  (all  neighbors  hidden 
from  each  other),  which  validates  the  approximations  used  to  make 
our  model  tractable. 

In  the  second  set  of  experiments,  we  assumed  a  1  Mbps  network 
with  the  same  topology  of  Configuration  shown  in  Figure  5.  Traffic 
was  only  between  B 1  and  its  neighbors,  and  between  B 2  and  its 
neighbors.  Table  IV  lists  the  results  for  FAMA-NCS,  IEEE  802.1 1 
DFWMAC,  and  MACAW.  In  the  table,  “total  input”  refers  to  traf¬ 
fic  correctly  received  and  meant  for  any  node;  “local  input”  refers 
to  traffic  correctly  received  and  meant  for  the  receiving  node.  The 
results  illustrate  that  making  the  CTSs  dominate  the  RTSs,  i.e., 
enforcing  floor  acquisition,  is  important  for  throughput  in  ad-hoc 
networks. 


Avg.  Rate  Pkts. 
Received 

FAMA-NCS 
(2KB  pkts) 

IEEE802.il 
(2KB  pkts) 

MACAW 
(1KB  pkts) 

Avg.  Total  Input 

36.0KB/S 

17.0KB/S 

- 

Avg.  Local  Input 

15.3KB/S 

8.4KB/S 

l.lKB/s 

Avg.  at  N 1  &  N4 

15.5KB/S 

5.5KB/S 

2.1KB/S 

Avg.  for  others 

15.2KB/S 

9.3KB/S 

Fig.  6.  Throughput  of  FAMA-NCS,  MACAW  and  IEEE  802. 1 1 


V.  Concluding  Remarks 

FAMA-NCS  permits  a  sender  to  acquire  control  of  the  channel 
in  the  vicinity  of  a  receiver  dynamically  before  transmitting  data 
packets.  The  floor  acquisition  strategy  uses  an  RTS-CTS  hand¬ 
shake  and  is  based  on  a  few  simple  principles:  (a)  making  the 
senders  listen  to  the  channel  before  transmitting  RTSs;  (b)  imple¬ 
menting  a  busy-tone  mechanism  using  a  single  channel  and  half¬ 
duplex  radios  by  making  the  receiver  send  CTSs  that  last  long 
enough  for  the  hidden  senders  to  realize  that  they  must  back  off; 
and  (c)  providing  priority  to  those  stations  who  successfully  com¬ 
plete  a  handshake. 

Although  many  MAC  protocols  have  been  introduced  in  the 
past  based  on  RTS-CTS  exchanges,  FAMA-NCS  is  the  first  single¬ 
channel  protocol  to  provide  the  equivalent  functionality  of  a  busy- 
tone  solution.  Contrary  to  the  conjectures  made  in  prior  work  on 
MAC  protocols  based  on  collision  avoidance  [1],  [8],  our  analysis 
demonstrates  that  carrier  sensing  should  be  used  in  single  chan¬ 
nel  networks  because  it  substantially  improves  performance  by  en¬ 
abling  floor  acquisition  in  the  presence  of  hidden  terminals. 


FAMA-NCS  has  been  successfully  implemented  and  demon¬ 
strated  in  actual  packet  radios  for  ad-hoc  networks  [21]  built  us¬ 
ing  commercial  direct-sequence  spread-spectrum  radios  and  con¬ 
trollers. 
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